To determine if changes in brain metabolites are observed during early HIV infection and correlate these changes with immunologic alterations.
critical phases since these initial events contribute to the establishment of patients' viral set point and viral reservoirs. 6 Numerous magnetic resonance spectroscopy (MRS) studies have examined chronically HIV-infected individuals, but primary/ early HIV infection remains unexplored. 7, 8 Previous results in the simian immunodeficiency virus (SIV)-macaque neuroAIDS model demonstrated neuronal injury during primary infection using both neuropathology and MRS. [9] [10] [11] Temporal, reversible changes of animals' frontal cortex metabolites correlated with transient presynaptic injury, CD8 ϩ T lymphocyte expansion, and peak viremia. Links between biologic hallmarks of infection, pathology, and MRS in SIV-macaque models provide rationale for the hypothesis that HIV-specific immune responses outside the brain influence HIV-related CNS disease. 12, 13 More importantly, the mechanisms by which the immune system regulates HIV infection of the CNS are not completely elucidated. Accumulating HIV-specific CNSpenetrating CD8 ϩ T lymphocytes, while having a protective role, 14 may induce cellular damage and functional CNS abnormalities during early infection. 13 The present work was designed to evaluate neuronal dysfunction and relationships with T cell phenotypes in the periphery during early and chronic HIV infection. METHODS Subjects. Eighteen HIVϩ subjects were identified from a well-established cohort 15 screened to exclude individ-uals with current or past neurologic disorders, opportunistic infections of the CNS, unstable or severe intercurrent medical conditions, or magnetic resonance contraindications. Of these, eight (age 39 Ϯ 5.0 years) were identified during primary HIV infection defined by having detectable plasma HIV RNA and a positive ELISA but negative or indeterminate Western blot (table 1). These subjects presented with symptoms of acute viral ailment and not necessarily neurologic symptoms. No changes in T1 or T2 images of the subjects were observed by a neuroradiologist. These subjects were imaged within 60 days of an indeterminate or positive Western blot, while they still had detectable viral RNA levels (mean ϭ 240,000 copies of RNA/mL). Thus, they are classified as having early HIV infection, during which the viral set point is occurring but they have not yet progressed into the asymptomatic stage. Subjects enrolled during early infection were exposed to HIV through sexual contact (7 homosexual, 1 heterosexual exposure) and none was taking antiretroviral therapy. All chronically HIV-infected subjects (identified as HIVϩ for Ͼ4 years) were defined as neurocognitively asymptomatic based on a neurologic examination performed by a neurologist, and all were on a documented antiretroviral regimen. Eight of the 10 were on a combination of protease inhibitors and nucleoside reverse transcriptase inhibitors (NRTI), one was on a fusion inhibitor in addition to an NRTI and protease inhibitors, and the final was taking a NRTI and non-NRTI combination. Nine HIV-seronegative healthy control subjects (age 32 Ϯ 4.4 years) with no known neurologic or psychiatric disease and no identified risk factors for HIV were enrolled in this study. In all, the 27 subjects were composed of 7 women and 20 men; 6 Hispanic/Latino and 21 non-Hispanic/ non-Latino; 7 black and 20 white. This study was approved by the collaborating institutions' Internal Review Boards. Subject consent was received from those enrolled.
Magnetic resonance studies. Magnetic resonance studies
were conducted on a 1.5-T Signa scanner (General Electric, Milwaukee, WI), with a standard GE head coil. Four imaging sequences were performed: 1) three-plane T2* FGRE (5-mm slices, 5-mm spacing, 24-cm field of view [FOV]); 2) sagittal T1 (echo time [TE]/repetition time [TR] 20/550 msec, 5-mm slices, 1-mm spacing, 24-cm FOV); 3) axial T2 (TE/TR 102/5,500 msec, 5-mm slices, 1-mm spacing, 24-cm FOV); 4) axial fluidattenuated inversion recovery (TE/inversion time [TI]/TR 140/ 2,200/10,000 msec, 5-mm slices, 1-mm spacing, 24-cm FOV). ‡Units are copies of RNA per L of blood. Lower detection limit was 400 copies/L, upper detection limit was 10 6 copies/L.
Two voxels were selected for spectroscopy and prescribed from the axial T2 images (figure 1): 1) frontal cortical gray matter centered on the superior frontal gyrus along the longitudinal fissure and 2) white matter centrum semiovale. Spectral data were acquired with the GE pulse sequence PROBE-P, 16 
Flow cytometric immunophenotyping of lymphocytes.
EDTA-anticoagulated whole blood (100-L aliquots) was washed with phosphate-buffered saline to deplete the plasma, and cell pellets were incubated at room temperature for 15 minutes with a mixture of antibodies for immunofluorescence staining. Antibodies used in this study were conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE), peri-dinium chlorophyll protein (PerCP)/PerCP-cyanin 5.5 (PerCP-Cy5.5), or allophycocyanin (APC). Lymphocyte immunophenotyping was performed using combinations of the following monoclonal antibodies: CD3-PerCP-Cy5.5 or -APC (SP34; BD Pharmingen), CD4-FITC (19thy5d7; Beckman Coulter), CD8-FITC or -PE (SK1; Becton Dickinson), CD20-PerCP-Cy5.5 (L27; Becton Dickinson), CD28-PE (28.2; Beckman Coulter), and CD95-APC (DX2; BD Pharmingen). Within the CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ lymphocyte population, naïve T lymphocytes were identified as CD28 ϩ CD95 Ϫ , central memory T lymphocytes as CD28 ϩ CD95 ϩ , and effector memory T lymphocytes as CD28 Ϫ CD95 ϩ .
Neurologic evaluation. Subjects underwent standard neurologic examination by a board-certified neurologist with expertise in HIV neurology, similar to the macroneurologic examination as described by the AIDS Clinical Trials Group. This battery assessed functions of cranial nerve, motor and sensory functions, reflexes, gait, balance, and also included a brief screening for peripheral neuropathy. Dementia severity was determined on the basis of the HIV dementia scale.
Statistical analysis. Differences in metabolism and T cell
phenotypes among the three cohorts were determined using Fisher least-significant difference procedure. If analysis of variance was found to be significant, then Student least-squares mean t tests were used to isolate differences. A Wilcoxon signedrank test was used to isolate differences in viral RNA between early and chronically infected HIV cohorts. Spearman rank correlations were used to determine associations between T cell populations, NAA, and Glx concentrations. Plasma viral RNA and T cell phenotypes. Average plasma viral loads at the time of imaging for the early HIV infection cohort was significantly higher than that of the chronically infected HIV population (p ϭ 0.006; table 2). As expected, the total number of CD4 ϩ T cells during this early stage of infection was found to be much lower than those of controls (Ϫ56%, p Ͻ 0.002), while CD8 ϩ T lymphocytes were elevated significantly above the normal range (138%, p Ͻ 0.005). 19 However, no differences between early and chronically infected HIV-positive individuals were observed in either CD4 ϩ or CD8 ϩ T cell populations. Of the CD4 ϩ T cell phenotypes, reductions in CD4 ϩ naïve and central memory T cells account for this decline in total CD4 ϩ T cells observed in both early and chronically infected HIV cohorts (table 2). In particular, a large reduction of CD4 ϩ naïve (Ϫ64%, p Ͻ 0.007) and central memory cells (Ϫ48%, p ϭ 0.002) were observed in those with early infection when compared to healthy controls. A similar trend was observed in the neurologically asymptomatic HIVϩ cohort, with CD4 ϩ naïve (Ϫ48%, p Ͻ 0.03) and central memory cells (Ϫ50%, p Ͻ 0.0009). Within the CD8 ϩ T cell phenotypes, the effector memory T cells appear to be causing the expansion in the CD8 ϩ T cell population (table 2) . Specifically, a robust expansion from that of the control cohorts was observed in those imaged during early infection (345%, p Ͻ 0.0008) and those chronically infected (222%, p ϭ 0.01). No differences between early and chronically infected HIV populations were observed in any CD4 ϩ or CD8 ϩ phenotype.
RESULTS
MRI and spectroscopy. Sagittal T1, axial T2, and fluid-attenuated inversion recovery images did not indicate significant structural changes indicative of encephalopathy, meningoencephalitis, or demyelinating disease in this early setting of HIV infection, as reported in a handful of case reports in the setting of PHI. [20] [21] [22] Spectroscopy indicated NAA and Glx concentrations, involved with the neuronal component of the brain, were reduced in frontal cortical gray matter ( figure 1A and table 3 ). Metabolites contributing more to the glial component (MI, Cr, and Cho) were not found to be different between the cohorts. NAA concentrations were decreased in subjects with early (Ϫ12%, p Ͻ 0.02) and chronic infection (Ϫ15%, p ϭ 0.002) compared to levels measured within healthy controls (figure 2). Glx concentrations were reduced in subjects with early (Ϫ14%, p Ͻ 0.01) and chronic infection (Ϫ17%, p ϭ 0.0008) compared to those in controls.
Within the white matter ( figure 1B and table 3) , no difference was observed between subjects during early HIV infection and seronegative controls (figure 2). Only NAA levels in chronically infected subjects were reduced from those of controls (Ϫ9%, p ϭ 0.005). Neither Glx nor any glial response-related metabolite (MI or Cho) was found to be different among the three groups.
Correlations of 1 H magnetic resonance spectroscopy
with immunologic data. Spearman rank correlations did not show a relationship between total CD4 ϩ T cells and NAA or Glx levels; however, NAA levels in the FC were found to be higher when CD4 ϩ effector T cell counts were lower in the periphery (R s ϭ Ϫ0.43, p ϭ 0.04), a trend driven by the early HIV infection cohort. The total CD8 ϩ T cell populations were found to expand as NAA declined in the frontal cortex of subjects (R s ϭ Ϫ0.61, p ϭ 0.001) and a similar association with Glx in the same region (R s ϭ Ϫ0.49, p ϭ 0.01). NAA and Glx of the white matter were not associated with the total CD8 ϩ T cell population. Neither CD8 ϩ naïve nor central memory cells were related to NAA 20, 21, 25 However, it is generally believed this early infection in non-rapid disease animals and humans is typically transient and productive infection is not thought to occur again until the development of AIDS. 24, 26 The early HIV subjects were enrolled in this study within months of their seroconversion, during an early stage of infection, and did not report severe neurologic problems or have significant structural changes observed by MRI. The neuropsychological battery administered in the present study was not able to indicate a difference among the three subject groups. Given that there is a lack of identified patients in this early phase of infection, it is possible that a larger cohort and a more sensitive neurocognitive battery could reveal cognitive deficits in this early phase of HIV infection. MRI studies of patients with HIV/AIDS are prevalent within the literature. 27, 28 However, once lesions are visible within the brain, it is often too late to reverse the effects. In contrast, MRS allows for changes in brain metabolism to be monitored, and may serve as a noninvasive means of determining signs of early neuronal injury and neurologic dysfunction, or observing the effects of therapy on the CNS. 7, 29 In particular, magnetic resonance studies have shown that the degree of neurocognitive dysfunction correlates with metabolic changes in NAA, and treatment with HAART often reduces symptoms and MRS abnormalities. 30, 31 The MRS marker NAA exists predominantly in neurons, and can be used as a sensitive marker of neuronal integrity in vivo in lieu of pathologic data that is impossible to obtain at this early stage of infection, 9, 10 thus allowing for the examination of early CNS damage within this disease. Most interestingly, the cortical gray mat-
Figure 2
Changes within markers of neuronal metabolism found during both early and chronic HIV infection N-acetylaspartate (NAA) (A) and glutamate ϩ glutamine (Glx) (B) levels in the frontal cortical gray matter are reduced in subjects during the first few months of infection, similar to subjects with chronic infection who are neurologically asymptomatic. Within the white matter of the centrum semiovale, NAA (C) was found to be reduced in those infected and on treatment for many years with HIV, but not in those during early infection. No changes from control levels for Glx in the white matter were observed (D). ter was found to show the most change, with reductions in NAA and Glx in subjects during the first few months of infection, similar to levels found in chronically infected subjects who are neurologically asymptomatic. These initial declines in NAA concentrations are most likely indicative of a transient neuronal dysfunction induced by infected perivascular infiltrates as previously observed in the SIV macaque model. 10, 11 Little is known about the brain during PHI and all early HIV-infected individuals were recruited based on the presentation of symptoms of acute viral ailment and not the occurrence of neurologic deficits, although studies have suggested the presence of brain abnormalities during this time. [20] [21] [22] Previous magnetic resonance studies have indicated that the frontal cortex shows signs of damage and dysfunction during the asymptomatic stage of infection, long before onset of AIDS or related dementia. Significant reductions in NAA/Cr were observed in the frontal gray matter tissue of relatively healthy, cognitively asymptomatic (or even with ADC score 0.5), chronically HIV-infected subjects. 32 Imaging results have shown that chronically infected subjects lacking cognitive impairment have extensive thinning (Ϫ15%) of the cortical gray matter compared to controls. 33 MRS results of early infection imply that changes in the frontal cortex may begin within the first few months of infection. Furthermore, MRS results in the acute SIV-infected macaque model indicate that NAA levels measured are affected within the first month of infection in the presence of presynaptic damage as indicated by lower levels of synaptophysin. 10 Other studies of acute SIV infection have indicated that upon reaching the viral set point, these metabolism changes may be reversible. 9, 11 Longitudinal studies of this cohort are necessary to see if these metabolism changes are transient, especially in the context of antiretroviral therapy usage and its CNS penetration effectiveness.
While evaluations of Glx have become more prevalent, 34, 35 results from this measure must be interpreted carefully. Glx is composed of the major excitatory neurotransmitter glutamate, which is found primarily in glutamatergic neurons, and its stored form, glutamine, found within astrocytes. Since glutamate is required for aspartate synthesis within the neuronal mitochondria, decreased levels of Glx may be an early indicator of neuronal metabolism changes induced by this disease. 35 NAA and Glx levels in the frontal gray matter were found post hoc to have a significant linear correlation (Spearman: R s ϭ 0.56, p Ͻ 0.002), implying that as NAA levels decrease, Glx does as well. 35 However, at lower field strengths, this region of the MR spectrum is complicated by the overlapping resonances from glu-tamate, glutamine, and NAA. Therefore, it is possible that changes in Glx are indicative of reductions in NAA due to difficulty in peak isolation.
T cell phenotypes and their expansion during primary HIV infection have been documented previously in both the SIV and HIV immunology literature. 13, 14, 36 More recent studies have underscored the importance of CD8 ϩ T cells both in controlling virus and perhaps contributing to CNS injury. 13, 37 As NAA and Glx levels decline in cortical gray matter of HIV-infected subjects within the first few months of infection, expansion of total CD8 ϩ cells, especially the effector memory subset, and diminished levels of CD4 ϩ naïve and memory cells within the blood occur. Recent work indicates that similar changes also take place in the CSF at this early stage of infection. 14 The declining neuronal markers in subjects with early infection correlated best with total CD8 ϩ and CD8 ϩ effector memory cell expansion. In acute and asymptomatic SIV-infected macaques, control of viral replication in the brain coincided with increased CD8 ϩ T cell infiltration and reduced glial and macrophage activation. 26 Early CNS/neuronal disruption in the acute SIV model at 11 weeks postinfection was observed by delays in the electrophysiologic responses. 13 Postmortem results as early as 2 weeks postinfection from these animals indicated an influx of the activated effector CD8 ϩ subset that expressed mRNA for cytolytic and proinflammatory molecules, such as granzymes A and B, perforin, and interferon-␥. It is possible that CD8 ϩ T cells, recruited to destroy infected monocytes and macrophages within the CNS, may do harm to bystander neurons, as indicated by decreased NAA and Glx concentrations. Possible processes by which this may occur include free radical-induced oxidative stress, the production of toxic cytokines by infiltrating immune cells, and direct damage to the oligodendrocytes. 13, 38 However, these trends were not found to carry through to the asymptomatic, chronically infected cohort. Plausible reasons for this include that viral set point has not occurred yet in the early infection subjects, and once established, the correlation may disappear with time. It is also highly possible that the use of antiretrovirals by this chronically infected cohort is disrupting viral, CD4 ϩ , and CD8 ϩ kinetics. 39, 40 Literature is surprisingly stark on brain metabolism changes in the setting of acute viral syndromes (such as influenza, hepatitis, and Epstein-Barr). Therefore, these trends observed in the acute population may not be unique to HIV. Further studies on both early HIV infection and other viral infec-tions will provide details as to the effects of both innate immune and antiretroviral control.
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